Introduction {#sec1-1}
============

The emotional state during pregnancy is an important aspect in medicine. Pregnancy enhances the vulnerability for depression onset or return ([@ref1]). Depression, anxiety and other mood disorders are associated with obstetric, fetal and neonatal outcomes such as impaired cognition and attention deficit hyperactivity disorder ([@ref2], [@ref3]). As untreated maternal depression has serious health impact, a rational pharmacotherapy is of great importance.

Selective serotonin reuptake inhibitors (SSRIs) have been studied for antepartum depression based on the severity of condition ([@ref4]). Soon after SSRIs introduction (1988) and their efficacy in treatment of pregnancy-related mood disorders, the studies reported adverse neonatal signs ([@ref5], [@ref6]). SSRI therapy has been proposed to have a link with neurobehavioral disturbances, preterm birth, lower birth weight, neurotoxic effects and behavioral teratogenic effects, cardiac malformation, pulmonary hypertension, movement disorders and convulsion ([@ref7]-[@ref9]).

Serotonin, a key signaling molecule in progenitor heart cells, is involved in development of the outflow tract, myocardial cell differentiation, and separation of the heart chambers; therefore, administration of serotonin reuptake inhibitors during pregnancy can stimulate defective heart morphogenesis ([@ref10]). Some studies have demonstrated that maternal exposure to fluoxetine in early pregnancy was associated with cardiac malformation and congenital heart defects ([@ref10], [@ref11]), while some studies have shown that there is no linkage between SSRIs and congenital heart defects ([@ref12], [@ref13]). Studies have also shown that fluoxetine can lead to ventricular septal defects ([@ref14]) and atrial septal defects ([@ref15]).

Several studies demonstrated that SSRIs induce hyponatremia in adult ([@ref16]-[@ref18]). No significant difference exists between SSRI members, but one study indicated that fluoxetine, citalopram and citalopram exert higher effects on this disorder than other SSRIs ([@ref19]). Some studies reported the correlation between hyponatremia and the use of fluoxetine. These studies explained that fluoxetine enhances water permeability, which leads to renal water absorption (a cause of hyponatremia) ([@ref20]-[@ref22]). Renal dysplasia can also be a result of using SSRIs, principally fluoxetine ([@ref23]).

Our previous study showed that exposure to fluoxetine during pregnancy can lead to a delay in lung development ([@ref24]). In that study, HoxB5 and SPC were evaluated as genes of the alveolar epithelium. Increasing of HoxB5 expression based on real-time polymerase chain reaction (PCR) test and histological analyzes demonstrated that this gene expresses in the mesenchymal cells and not in the alveolar type I cells, but it was essential to confirm the expression of HoxB5 and SPC by immunohistochemistry method. Kidney and heart are mesodermal tissues and based on the reports showing the correlation between these two tissues and fluoxetine, we also evaluated the impact of fluoxetine on heart and renal development.

In the developmental process of heart, Foxp1 gene is expressed during the early stage of development, while Foxc1 and Foxc2 genes are expressed in final stages during formation of four chambered heart ([@ref25]).

WT1 gene plays a role in renal glomerular podocyte differentiation and is effective in expression of podocyte markers ([@ref26]). GDNF is critical for signaling and directing ureteric bud growth and its reduction results in ureter budding limitation in the metanephric tissue. WNT4 and BMP7 genes have a role in development of metanephric mesenchyme. WNT4 is important for epithelium formation in nephrons, and BMP7 is required for the metanephric condensates, comma- and S-shaped bodies ([@ref27]). Therefore, in the present study we completed our previous findings on the lung tissues and examined the heart and renal development in fluoxetine-exposed rat newborns.

Materials and Methods {#sec1-2}
=====================

Thirty female Wistar rats weighing 200--250 g and aging 4-5 months were purchased from animal house of Rafsanjan University of Medical Sciences and were kept under controlled conditions at 23 °C with free access to sufficient food and water and a constant 12 hr light/12 hr dark cycle. Every three female rat were placed in contact with an adult male rat for mating. After 24 hr, vaginal smears were evaluated in female rats. On the day of sperm detection in vaginal smear (gestation day 0), the female rats were randomly separated into treatment and control groups. The treatment group was treated by gastric gavage with fluoxetine at 7 mg/kg once per day ([@ref24]) from days 0 to 21 of gestation. The control rats received a similar volume of distilled water. Immediately after born, lung, heart and renal samples were separated from newborns. Then, some hearts and right kidneys were fixed in TRizol reagent for real-time PCR and some hearts, left kidneys and lung samples were fixed in 4% paraformaldehyde for histological analysis.

Real-time PCR {#sec2-1}
-------------

Total RNA was extracted from the heart and kidney tissues using TRizol reagent according to the manufacturer's protocol. Extracted RNA was purified by isolation kits and used as a template for reverse transcription in cDNA synthesis. Real-time PCR was undertaken for Foxc1, Foxc2 and Foxp1 genes in heart samples and WT1, GDNF, WNT4 and BMP7 genes in kidney samples, and β-actin (housekeeping gene) genes in triplicate. Designed primers for each gene were controlled thermodynamically and then they were evaluated in the BLAST database to verify the absence of nonspecific binding to other regions of the genome. The sequences of used primers were described in [Table 1](#T1){ref-type="table"}.

###### 

The sequence of primers used for real-time polymerase chain reaction in the study

  Gene      Forward primer          Reverse primer
  --------- ----------------------- ----------------------
  FoxC1     ACCATGGCTATCCAGAATGC    GTCCCGATAGAAGGGAAAGC
  Foxc2     AGCATCACAGTCACCTCCAC    TGCGAGTTGAACATCTCCCG
  Foxp1     ATGAACCCACACGCCTCTAC    GTTTTAGAAAGGCCGGGAAG
  BMP7      GAGGGCTGGTTGGTATTTGA    AACTTGGGGTTGATGCTCTG
  WNT4      ACTGGACTCCCTGCCTGTCTT   GTCCGGTCACAGCCACACTT
  WT1       GCCTTCACCTTGCACTTCTC    GACCGTGCTGTATCCTTGG
  GDNF      TCACTGACTTGGGTTTGGGC    AACATGCCTGGCCTACCTTG
  β-actin   GGGCATGGGTCAGAAGGATT    CGCAGCTCATTGTAGAAGGT

Real-time PCR was performed using program on a Bio-Rad CFX96 system (Bio-Rad Laboratories Inc., Hercules, CA, USA). The relative quantification of PCR products was determined using the 2^-ΔCt^ formula ([@ref28]). The melting curves, quantitative analyses, and dissociation stages of the data were performed using the CFX manager software.

Histological and morphological assessment {#sec2-2}
-----------------------------------------

The samples of heart and kidney that had been fixed in formalin were embedded in paraffin, and then the tissues were sectioned at 8 μm by microtome and were stained with hematoxylin and eosin. The samples were studied under a light microscope (Olympus BX51) equipped with camera (Olympus DP25) and Cell software.

Immunohistochemical evaluation {#sec2-3}
------------------------------

Four lung paraffin-embedded tissues of each group were selected. Then, they were sectioned serially at 6 µm. Three serial sections were selected for immunostaining using Trypsin Antigen Retrieval Protocol. The first tissue sections were deparaffinized by xylene and hydrated by a graded series of ethanol and then rinsed in distilled water. The sections were covered with trypsin working solution and incubated for 20 min at 37 °C in humidified chamber. After that, they were kept at room temperature for 10 min and they were rinsed in phosphate-buffered saline (PBS) with Tween 20 and were blocked in GSA and Tris-buffered saline (TBS) for 2 hr. Some tissue sections were incubated with HoxB5 antibody (Bioss Company) at a 1:150 concentration and some tissue sections were incubated with SPC antibody (Bioss Company) at a 1:150 concentration overnight at 4 °C. After rinsing the slides by TBS with Triton X-100 and H~2~O~2~ in PBS, the slides were incubated with Goat Anti-Rabbit IgG (Abcam Company) (1:1000 concentration) for 1 hr at room temperature, then they were stained with DAB 3% for 10 min and after rinsing were counterstained with hematoxylin. The stained slides were studied under a light microscope (Olympus BX51) equipped with camera (Olympus DP25) and Cell software.

Statistical analysis {#sec2-4}
--------------------

All data were offered as means±SEM and were analyzed using GraphPad Prism 5.04. The analysis of differences between groups were performed with a t test and data measured as statically significant at *P*-value\<0.05.

Results {#sec1-3}
=======

Real-time PCR analysis in kidney {#sec2-5}
--------------------------------

The expression of kidney related genes (WT1, GDNF, BMP7 and WNT4) in both groups has been shown in [Figure 1](#F1){ref-type="fig"}. The expression of GDNF, BMP7 and WNT4 genes were reduced compared to control group and this reduction for BMP7 and WNT4 was significant (*P*-value \<0.05), while the reduction of GDNF was not significant (*P*-value \>0.05). The comparison between fluoxetine-exposed group and control group showed enhancement in the expression of WT1, but it was not statistically significant (*P*-value \>0.05).

![T test for statistical analysis of genes expression in the kidney. There was no difference in the expression of WT1 and GDNF genes between kidneys of fluoxetine - treated group and control group (P-value: 0.08 and 0.87, respectively). The expression of BMP7 and WNT4 genes in kidney of fluoxetine - treated group reduced significantly compared to control group (*P*-value: 0.005 and 0.01, respectively)](IJBMS-21-417-g001){#F1}

Real-time PCR analysis in heart {#sec2-6}
-------------------------------

[Figure 2](#F2){ref-type="fig"} shows the expression of Foxc1, Foxc2 and Foxp1 genes in the heart of both groups. Our analysis did not show any significant difference between the expression of Foxc1, Foxc2 and Foxp1 in fluoxetine-treated group and control group.

![T test for statistical analysis of genes expression in the heart. The expression of Foxc1 and Foxc2 genes increased in hearts of fluoxetine - treated group compared to control group, but this increase was not significant (P-value: 0.41 and 0.61, respectively). The expression of Foxp1 reduced in hearts of fluoxetine - treated group compared to control group, but this reduction was not significant (*P*-value: 0.41)](IJBMS-21-417-g002){#F2}

Immunohistochemical analysis {#sec2-7}
----------------------------

The genes that are involved in lung development are HoxB5 and SPC. Therefore, in this study we evaluated the expression of HoxB5 and SPC in control and fluoxetine-exposed lung samples. SPC is a cytoplasmic gene. In the fluoxetine-exposed group, the expression of SPC was not different with control group ([Figure 3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}). In the earliest stages of lung development, HoxB5 is expressed in the mesenchymal cells and is a nuclear marker. In the fluoxetine-exposed group, the black nuclei, markers of HoxB5, were observed in the mesenchymal cells, but in the control group they were limited to alveolar cells and it seems that the mesenchymal cells in the fluoxetine-exposed group are more than control group ([Figure 3C](#F3){ref-type="fig"}, [D](#F3){ref-type="fig"}).

![A, B: The expression of SPC gene in alveolar cells of lung in fluoxetine - treated and control groups, respectively. Brown stain in cytoplasm shows SPC expression (Arrows).\
C, D: The expression of HoxB5 gene in fluoxetine-treated and control groups. Nucleus of HoxB5 positive cells is dark (arrows), but other nucleus are blue. C; HoxB5 positive cells in control group are located in alveolar epithelium (arrow). But, these cells in fluoxetine - treated group are found in both mesenchymal and alveolar cells (D).\
(Hematoxylin and Eosin stain. Magnification ×100 (scar bar: 20 µm))](IJBMS-21-417-g003){#F3}

Histological assessment {#sec2-8}
-----------------------

The kidney of control and treated groups has been shown in the [Figure 4](#F4){ref-type="fig"}. In the control group, the metanephric tissue is more developed, glomeruli are more orderly and glomerular capsular space is completely clear. Epithelium of parietal layer of Bowman's capsule is squamous and regular.

![A, C: Kidney of fluoxetine - treated group. B, D: Kidney of control group.\
Arrow: Glomerular capsular space. The glomerular capsular space is clear in the control group\
(Hematoxylin and Eosin stain. Magnification of A, B ×4 (scar bar: 200 µm), Magnification of C, D ×40 (scar bar: 50 µm)](IJBMS-21-417-g004){#F4}

In the treated group, the glomeruli are more primordial and are not coherent, and it seems that there is not enough development in Bowman's capsule, and also the glomerular capsular space could not be observed well.

[Figure 5](#F5){ref-type="fig"} shows the heart muscle cells in control and fluoxetine-exposed groups. In both groups, arrangements of the filaments, the position of the nucleus and cell morphology are normal.

![A: Heart of control group. B: Heart of fluoxetine - treated group Arrow: The nuclei of cardiac cells. (Hematoxylin and Eosin stain. Magnification ×40 (scar bar: 50 µm)](IJBMS-21-417-g005){#F5}

Discussion {#sec1-4}
==========

The present study investigated the effects of fluoxetine on the lung, renal and heart development. For this purpose, the expression of WT1, GDNF, BMP7 and WNT4 genes were evaluated to study the development of kidney. During the development, kidney is derived from the ureteric bud and the metanephric mesoderm. GDNF gene is responsible for the ureteric bud growth ([@ref29]). BMP7 and WNT4 are expressed in metanephric mesoderm development. WT1 has been considered as an inducer of podocytes development ([@ref27]). So, we evaluated the expression of the abovementioned genes in this experiment.

The results exhibited that there is no difference between the two groups in expression of GDNF; however, the expression of BMP7 and WNT4 showed significant reduction compared to control group. This effect was consistent with our histological results. The data revealed that in the fluoxetine-exposed group, the development of metanephric tissue was less than the control group. Findings have shown that fluoxetine can change the serum sodium level, which leads to hyponatremia in the kidney ([@ref17], [@ref23]). Studies indicated that using SSRIs in early pregnancy may be associated with cystic kidney or kidney agenesis ([@ref30]-[@ref32])

It has been reported that SSRIs, especially fluoxetine and paroxetine, could result in the enhancement of congenital heart defects ([@ref11], [@ref33], [@ref34]), while some other studies did not show any relation between SSRIs and heart malformations ([@ref14], [@ref32], [@ref35]). Nembhard *et al*. showed that the use of SSRI during early pregnancy leads to metabolic pathway dysfunction and an increase in oxidative stress level leading to formation of the harmful free radicals, which are damaging to the developing cardiac tissue ([@ref36]). Two separate studies explored the effects of fluoxetine or paroxetine on the heart and reported the atrial septal abnormality and right ventricular outflow tract obstruction defect ([@ref37]-[@ref39]). Evidences showed that SSRIs can result in ventricular and atrial septum defects (31, 39-41). Studies reported that SSRIs can affect the development of the heart through changes in serotonin transporter and prenatal 5-HT levels. SSRIs inhibit the expression of serotonin transporter in the embryonic cardiac cells and thereby reduce serotonin in the cells. The reduction of serotonin disturbs the normal cardiac development ([@ref42]). Kaihola *et al*. studied the fetal development in the presence of fluoxetine and showed that fluoxetine has some effects on the timing of developmental stages ([@ref43]).

In this study, we did not observe any alternation in heart development of the fluoxetine -- exposed group by real-time-PCR and histological analysis, but the gene expression of the final stage in heart development (Foxc1, Foxc2), related to chambering stage, were increased in treated group in comparison with control group; however, this difference was not statistically significant.

As regards to increasing of Foxc1 and Foxc2 genes expression, the development of heart in fluoxetine-exposed neonates may occur more quickly, which may lead to septal defects, but more studies are need to clarify the role of SSRIs on fetus heart development.

Based on our previous study, HoxB5 gene showed an overexpression with real-time-PCR in lung of fluoxetine -- exposed neonates. In this study, the expression of HoxB5 in lung mesenchymal cells confirmed the results of the previous study ([@ref24]). Although HoxB5 in both groups of control and treatment is expressed in alveolar type I cells, the expression of this gene is also observed in mesenchymal cells in fluoxetine-exposed group. There is no significant difference in expression of SPC between control and fluoxetine groups, which demonstrates a lack of differentiation in mesenchymal tissue.

Conclusion {#sec1-5}
==========

The result of this study showed that crossing of the fluoxetine from the placenta could exert adverse effects on lung and renal development and leads to a delay in development of these organs. Our data did not exhibit any significant change in cardiac tissue and related genes. According to the result of this study, it is essential to survey the roles of antidepressants on fetus during pregnancy.
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